SUMMARY The change in lower arch crowding 3-4 years after second permanent molar eruption was examined in 85 subjects, in relation to the angulation and change in angulation of molars and incisors relative to the mandibular plane using correlation and multiple regression analyses. Crowding increased significantly during the observation periods. Changes in molar and incisor angulation in both mesial and distal directions were observed. The increase in crowding was not related to molar or incisor angulation at 12 years. Some association between increase in crowding, reduction in arch depth and retroclination of incisors was found.
Introduction
The concept of continuous eruption of teeth to maintain occlusal equlibrium is fundamental to orthodontic theory and practice. The amount and direction of eruption may vary in relation to mandibular growth. Bjork (1963) demonstrated that vertical condylar growth was accompanied by forward eruption of all teeth and that condylar growth in a saggital direction was associated with backward eruption of anterior teeth. Sanin and Savara (1973) , assuming that the axial inclinations of the lower incisors and first molars are indicative of the direction of their eruption, postulated that there may be favourable and unfavourable relationships between the axial inclinations of these teeth contributing to decrease or increase in lower arch crowding during the change-over from the mixed to the permanent dentition.
The purpose of the present investigation was to examine the axial inclinations of lower molars and incisors and the changes in these inclinations in relation to the increase in lower arch crowding which commonly occurs in the years following eruption of second permanent molars as described by Siatowski (1974) , Sakuda el al. (1976) , Moorrees et al. (1979) , Richardson (1979) arid Sampson et al. (1983) .
Subjects and methods

Subjects
In all, 85 subjects (38 male 47 female) recorded soon after eruption of second permanent molars were followed longitudinally for 3 years (18 male, 26 female) or 4 years (20 male, 21 female). Their average age at the beginning of the study was 12 or 13 years for the 4 and 3 year groups respectively. The sample included normal and near normal occlusions and some mild or moderate malocclusions. None were treated orthodontically. Records included plaster models and 90 degree left lateral cephalograms. Measurements Models. Lower arch space condition was measured on models at the beginning and end of the observation periods as arch length (perimeter, between the mesial contact points of left and right first molars) minus the sum of the mesio-distal tooth dimensions using a Baker vernier microscope (London, UK). In a wellaligned arch with all the teeth in contact, arch length was equal to total tooth size. Where spaces occurred these were added to the total tooth size to find the arch length. Where teeth were crowded the space between adjacent teeth was measured and substituted for the tooth size to calculate arch length (Richardson, 1970) .
Negative values for space condition indicated crowding. Measurements were made at least twice. If the difference exceeded 0.5 mm a third reading was made and the aberrant one discarded. The mean of the two closest measurements was used in the calculations.
The change in lower arch space condition (CSC) during the observation periods was calculated. Positive values indicated an increase in crowding.
90 degree left lateral cephalograms. The following points were marked on a tracing of the first radiograph ( Fig. 1 ): (i) mid-point of the occlusal surface of the lower first molar; (ii) bifurcation of the roots of the lower first molar; (iii) incisal edge; and (iv) apex of the most procumbent lower incisor. The tracing was superimposed on the second radiograph registering on internal mandibular structures (the inner outline of the mandibular symphysis and inferior dental canal) and the same points added to the tracing. If left and right sides were not exactly superimposed the mid-points were used. The accuracy of landmark identification was checked by replacing the tracings on each radiograph after an interval of at least 1 month. If the marked points did not coincide, a new tracing was made and the process repeated.
The horizontal and vertical vectors of each point were recorded using a GTCO 2436LM PC controlled digitizer with the mandibular plane, Gonion to Menton, orientated along the .x-axis and the following dimensions calculated ( Fig. 1 ): (i) the change in linear distance from molar to incisor (mid-occlusal point to incisal edge, CMI) during the observation period; (ii) the anterior angle between the long axis (mid-occlusal point to bifurcation) of the lower first molar and the mandibular plane (MMP) on the first radiograph; (iii) the posterior angle between the long axis (incisal edge to apex) of the most procumbent lower incisor and the mandibular plane (IMP) on the first radiograph; (iv) the change in angle ii (CMMP); and (v) The change in angle iii (CIMP) during the observation periods.
Positive changes indicate decrease in molar to incisor distance, mesial tipping of molars and retroclination of incisors.
Statistical analysis
Means and SD were calculated for (i) the change in space condition (CSC); (ii) the change in molar to incisor distance (CMI); (iii) the initial molar angulation to the mandibular plane (MMP); (iv) the initial incisor angulation to the mandibular plane (IMP); (v) the change in molar angulation (CMMP); (vi) the change in incisor anglulation (CIMP). The significance of the changes was tested with the paired sample /-test and differences between males and females with the independent sample Mest.
Correlation and multiple regression analyses were used to examine the relationships between the change in space condition and the other variables. Separate analyses were performed for the 3 and 4 year observation periods with male and female groups combined. In regression analysis, the forward stepwise approach to variable selection was used with significance set at the 5 per cent level.
Results
On average there was a significant positive change in space condition (CSC), indicating an increase in crowding, in males and females in both the 3 and 4 year observation groups. The mean change in molar to incisor distance (CMI) was not significant in the 3 year observation group but decreased significantly in both males and females in the 4 year group. Average changes in the molar and incisor angles to the mandibular plane (CMMP, CIMP) were non-significant for all groups. There were no significant differences between males and females except for the change in incisor to mandibular plane angle (CIMP) in the 3 year group (Table 1) .
In the 3 year observation group the change in space condition (CSC) was significantly correlated with the change in molar to incisor distance (CMI, r = 0.49, P<0.001). The initial molar to mandibular plane angle (MMP) was significantly correlated with the change in this angle (CMMP, r=0.38, P<0.01) and with the initial incisor to mandibular plane angle (IMP, r=-0.46, P<0.01) and the change in incisor to mandibular plane angle (CIMP) with the change in molar to incisor distance (CMI, r=0.43, P<O.0l) and the change in molar to mandibular plane angle (CMMP, r.= -0.38, / > <0.01) ( Table 2 ). Regression analysis of the change in space condition (CSC) on the other variables gave a multiple correlation coefficient R, of 0.487 with the equation: CSC= -0.637 + 0.517 CMI. In the 4 year observation group the change in space condition (CSC) was significantly correlated with the change in molar to incisor distance (CMI, r=0.43, P<0.01) and the change in incisor to mandibular plane angle (CIMP, r = 0.43, P<0.0l). The change in molar to incisor distance (CMI) was significantly correlated with the change in incisor to mandibular plane angle (CIMP, r=0.33, P<0.05 ) and the initial molar to mandibular plane angle (MMP) with its change (CMMP, r = 0.34, P<0.05) ( Table 3 ). The multiple correlation coefficient for the change in space condition (CSC) on the other variables was J? = 0.43 with the regression equation CSC= -0.947 + 0.461 CMI.
Discussion
The significant increase in lower arch crowding found in this material (Table 1) is consistent with the findings of others (Brown and Daugaard-Jensen, 1951; Lundstrom, 1969; Humerfelt and Slagsvold, 1972; Siatowski, 1974; Sakuda et al, 1976; Moorrees et al.,. 1979; Richardson, 1979; Sampson etal., 1983; Sinclair and Little, 1983; Meng et al, 1985; Bishara et al, 1989) although the changes were of smaller magnitude probably due to shorter observation periods. The significant decrease in molar to incisor distance in the 4 year observation group indicates a reduction in arch depth corresponding to that commonly observed in the years following eruption of second molars measured on models perpendicular from central incisors to a line joining left and right first molars, sometimes referred to as arch length (Brown and Daugaard-Jensen, 1951; Lundstrom, 1969; DeKock, 1972; Humerfelt and Slagsvold, 1972) .
Average non-significant changes in molar and incisor angulations relative to the mandibular plarie (Table 1) would appear to support Sanin and Savara's (1973) assumption, based on Bjork's (1963) work, that the axial inclinations of molars and incisors are indicative of the direction of their subsequent changes. In fact all subjects showed some change in molar and incisor angulation in both positive and negative directions. Histograms showing the distribution of angular changes for the 3 and 4 year observation groups combined show that in over 50 per cent of cases these changes exceeded ±2.0 degrees (Figs 2 and 3 ). Significant correlation coefficients between the change in space condition (CSC) and the change in molar to incisor distance (CMI, r = 0.49, P<0.001; r = 0.43, P<0.0l) (Tables 2 and 3) indicate that an increase in crowding is associated with a decrease in arch depth which is not altogether surprising but unhelpful in establishing causes of increased crowding.
The significant positive correlation between the change in space condition (CSC) and the change in incisor to mandibular plane angle (CIMP, r = 0.43, P < 0.01) in the 4 year observation group (Table 3) indicates an association between increased crowding and retroclination of lower incisors.
The significant correlation coefficients between the changes in molar to incisor distance and incisor to mandibular plane angulation (CMI, CIMP) in both the 3 and 4 year groups (r=0.43, P<0.01; r = 0.33, P<0.05) indicates that retroclination of incisors is associated with a reduction in arch depth.
Uprighting or retroclination of lower incisors has been described by Humerfelt and Slagsvold (1972) , Bjork and Palling (1954) and Siatowski (1974) , who claimed that it was sufficient to account for an increase in incisor crowding. However attempts to demonstrate a direct relationship between increase in crowding and change in incisor inclination or position have been unsuccessful (Lundstrom, 1975; Richardson, 1979) . The present findings suggest that there is a relationship between increased crowding and retroclination of incisors although the correlations would explain only about 20 per cent of the variation in the change in space condition.
There was a suggestion that distally inclined molars tended to become more distally inclined as shown by the correlations between molar angulation and change in molar angulation to the mandibular plane (MMP, CMMP) which lends some support to the view that angulation is indicative of direction of eruption. However the correlation coefficients were low (r=0.38, P<0.01; r = 0.34, i><0.05) and since these two variables are not completely independent they are of little consequence. No such correlations were found for incisor angulation and change in angulation.
There was a slight tendency for distally inclined molars to be associated with retroclined incisors and vice versa as shown by the negative correlation between molar and incisor angulation) significant in the 3 year observation group (r= -0.46, i><0.01) . This may be explained by variations in size of the mandibular plane angle. Molars which became more mesially inclined correlation was significant only in the 3 year tended to be associated with lingually inclining group. incisors (r= -0.38, P< 0.01), which would lead Mesially-inclined molars and retroclined to a reduction in arch depth. However this incisors which continue to erupt in the same direction would result in maximum reduction in arch depth and an increase in crowding. Regression analyses of all the variables with the change in space condition as the dependent variable were unable to demonstrate any such relationship. In both 3 and 4 year observation groups only the change in molar to incisor distance contributed to the regression equations. The forward stepwise approach selects the variable with the strongest correlation to the exclusion of others which may also have some association with the dependent variable. In particular the change in incisor angulation, which was correlated with changes in space condition and molar to incisor distance, may be worthy of note. It would appear that the direction of eruption of teeth in the lower arch can change after the age of 12 years and that these changes, particularly of incisors, may contribute to an increase in crowding. While that in itself is of interest it is more important to identify factors which may influence the change of angulation. The amount and direction of late mandibular growth (Lande, 1952; Bjork and Palling, 1954; Humerfelt and Slagsvold, 1972; Siatowski, 1974) , complex growth patterns (Bjork, 1969) , soft tissue maturation (Subtelny and Sakuda, 1966; Bench, 1963; Cohen and Vig, 1976; Vig and Cohen, 1979; Mamandras, 1984; Frankel and Loftier, 1990; Nanda et al. Woodside et al, 1991; Linder-Aronson et al, 1993) and occlusal factors (Brodie, 1939; Owman et al, 1989) are among those which may alter incisor angulation. Conclusions 1. On average lower arch crowding increases in the 3 and 4 years following second molar eruption. 2. The angulation of molars and incisors relative to the mandibular plane at 12 years does not always indicate the direction of eruption in the next 3 or 4 years. 3. No relationship was found between the angulation of molars and incisors at 12 years and the increase in lower arch crowding. 4. There was a tendency towards reduction in arch depth. 5. Reduction in arch depth was associated with retroclination of incisors.
6. Increase in lower arch crowding was associated with reduction in arch depth and retroclination of incisors.
